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Introduction metals, the most distorted (non-chelated) examples to our knowledge have been identified in a rhodium complex bearing the 7,9-bis(2,6-diisopropylphenyl)-6b,9a-dihydroacenaphtha [1,2-d] With a view of exploring the organometallic chemistry of low-coordinate NHC complexes of rhodium and iridium, some of us have recently begun to expand the coordination chemistry of Glorius' bioxazoline-based variants (IBiox) , 12 seeking to exploit the conformationally rigid nature of these ligands to avoid intramolecular cyclometalation reactions that can occur via C−H bond activation of the downward pointing alkyl and aryl NHC appendages. 13 In particular, we have focused our initial efforts on studying the coordination chemistry of IBioxMe 4 , which shares many structural similarities with the commonly employed I t Bu ligand; a NHC that has been shown to undergo cyclometalation reactions when partnered with reactive late transition metal fragments (Scheme 1). 14 Through this approach we have been successful in isolating low-coordinate, formally 14 VE rhodium(I) complexes and generating highly reactive Ir(I) analogues in solution that undergo facile, selective and reversible intermolecular C-H bond activation of fluoroarenes rather than cyclometalation of the IBioxMe 4 ligand. 15, 16 Interestingly, during the course of our investigations it was also observed that the IBioxMe 4 ligand can adopt highly distorted NHC coordination geometries, characterized by values of Θ NHC down to 156.5(2)°. 
Results

Conformations of IBioxMe 4
Puckering of the 5-membered oxazoline rings leads to two different conformational isomers of the IBioxMe 4 ligand, which feature either staggered or eclipsed arrangements of the downward pointing methyl groups ( Figure 2 ). The optimized geometries of both isomers have very similar structural parameters, and although the C 2 symmetrical staggered isomer is found to be more stable, the calculated energy difference is less than 1 kJ mol -1 using both density functional theory (BP86/TZ2P) and wave function based (MP2/TZVPP) approaches ( Figure 2b ). In both isomers, the C-C bond lengths of the methyl groups orientated perpendicular to the imidazolylidene rings are elongated by ca. 0.01 Å, as a consequence of interactions with electron density on the NCN moiety (negative hyperconjugation) stemming from the HOMO ( Figure 2c ). The staggered conformation and effects of negative hyperconjugation are observed experimentally in the solid-state structure of the pro-ligand (IBioxMe 4 ·HOTf), however, consistent with the very small energy difference calculated, eclipsed and disordered mixtures of staggered/eclipsed conformers are observed in the solid-state structures of other substituted IBiox pro-ligands.
12c
The electronic similarity of the two IBioxMe 4 isomers is further underlined by inspection of the frontier orbitals relevant to coordination (Figure 2c ): the HOMO-1 (sp 2 -type nonbonding electron pair at carbene-C)
5
and LUMO (p-type orbital at carbene-C) exhibit energy differences of less than 0.05 eV in the respective isomers. The σ-donor and π-acceptor character of the two conformations should therefore be very similar.
It is interesting to note that the HOMO is not the σ-donor orbital, but an orbital representing mainly the donation of electron density from the nonbonding electron pairs of the nitrogen atoms into the formally empty p-orbital at carbon. This is a reverse orbital ordering compared to the parent NHC (imidazol-2-ylidene). 7b The large coefficient at the carbene-C in the LUMO points toward a good π-acceptor ability of the ligand. an eclipsed geometry experimentally in Rh1 we have focused only on computational models of M1' with this conformation for simplicity ( Figure 3) . 17 Although the iridium system has been prepared, it is yet to be structurally characterized in the solid-state. 12c Instead, the closely related IBiox derivate carrying cyclohexyl groups [Ir(IBiox6)(CO) 2 Cl] (Ir1-Cy -staggered, Θ NHC = 179.5(4)°) was used to authenticate the geometry of the computed structure of Ir1'.
12c
Rh1' Ir1' Figure 3 . Optimized structures of Rh1' and Ir1' (BP86/TZ2P). Distances in Å, angles in °. Selected experimental data from Refs. 15b (Rh1) and 12c (Ir1-Cy) given in italics.
As validation of the model chemistry employed throughout our studies, the computed structural metrics show good agreement with the aforementioned experimental precedents ( Figure 3) . Moreover, the absolute computed stretching frequencies for Rh1 ' (2048.5, 1975.5 cm -1 ) and Ir1 ' (2043.4, 1970 
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The yawing rPES for Ir1' is steeper compared to Rh1', although the effect is small. These and other differences can be understood by EDA of the metal-ligand interactions using the optimized structures Rh1'
and Ir1' ( respectively. These enhancements can be explained by inspection of the deformation densities for the yawed structure ( Figure 5 ), which show the formation of C-H···Rh (Δρ 3 , ΔE ρ3 = -31.6 kJ mol -1 ; Δρ 5 , ΔE ρ5 = -11.4 kJ mol -1 (not shown)) and C-H···Cl interactions (Δρ 4 , ΔEρ 4 = -17.7 kJ mol -1 ) due to close proximity of the methyl groups with the metal centre. The absolute value of the σ-donation contribution decreases marginally on yawing, but the major change is found for the π−back donation, which decreases by 22 kJ mol -1 . Nevertheless, this is overcompensated by the C-H···Rh and C-H···Cl interactions of the methyl groups.
The main reason for the weakening of the metal-NHC bond (and the steep rPES) on yawing is a large (21%) increase in the Pauli repulsion (i.e. sterics).
Rh1' (opt)
Δρ 1 ΔE ρ1 = -207.5 kJ mol a The EDA was carried out for selected points on the rPES for Rh1': pitch (Cl) is the structure with a pitching angle of +20° (toward Cl), pitch (CO) is the structure with a pitching angle of -20° (toward CO), yaw is a structure with a yawing angle of 20° (both directions give equivalent results). b The percentage values give the contribution to the total attractive interactions ΔE elstat + ΔE orb . c The percentage values give the contribution to the total orbital interaction ΔE orb . The character of the interaction is deduced from visual inspection of the NOCV orbitals; eigenvalues (ν) are given below the energy values. ΔE CH···X consists of CH···X interactions with X = Cl, Rh as shown in Figure 5 .
Increased steric pressure: trans-[M(IBioxMe 4 ) 2 Cl(alkene)]
In the preceding experimental work with IBioxMe 4 , the most distorted NHC coordination geometries observed were noted in the bis-NHC complex trans-[Rh(IBioxMe 4 ) 2 Cl(COE)] Rh2. 15b The solid-state structure contained two independent molecules (i.e. Z' = 2), one with both NHC ligands staggered (Θ NHC = 170.1(3), 164.7(3)°) and the other both eclipsed (Θ NHC = 173.0(2), 156.5(2)°). Because of the symmetry of the coligands, this distortion is almost pure pitching in both cases (|∠ MCN -∠ MCN' | < 3°). The iridium analogue Ir2 has also recently been described, 16 and we now report its solid-state structure ( Figure 6 ). In this case only the all-staggered isomer is observed and in line with the steeper rPESs associated with Ir1' in comparison to Rh1', reduced NHC tilting is observed (Θ NHC = 176.8 (3) In order to computationally probe the effect of steric pressure on the NHC tilting in these bis-NHC systems we have optimized the structures of the all-staggered and all-eclipsed isomers of M2' and two model systems where the coordinated COE ligand is replaced with ethylene, i.e. [M(IBioxMe 4 ) 2 Cl(C 2 H 4 )] (alleclipsed; M = Rh, Ir; M4'). The structural parameters are given in Figure 7 and the caption of Figure 6 . The agreement is generally very good, especially with respect to tilting (e.g. Θ NHC for the most titled NHC in Rh2'
(eclipsed) = 159.0 vs. 156.5(2)°). This is quite remarkable due to the flat PES for the pitching and underlines the validity of the computational approach even for these sensitive bond parameters. For both central metals, the all-eclipsed conformation of M2' is the most stable, but the energy differences are very small (Rh2' 3.3 kJ mol -1 ; Ir2' 0.8 kJ mol -1 ). This result is at first a little surprising, given the eclipsed geometry of the free ligand is (albeit marginally) higher energy and these conformations are associated with the most pronounced distortion of the IBioxMe 4 ligands (i.e. Θ NHC = 159.0° (Rh2'), 160.5° (Ir1') for the lower ligands as orientated in Figure 7) . The large pitching of the lower IBioxMe 4 ligands in these systems is clearly in direct response to steric pressure imposed by the coordinated COE ligand (i.e. clashes with the CH=CHCH 2 methylene groups) and readily evidenced by the distinctly different Θ NHC values for the two trans-disposed NHC ligands. In the all-staggered isomers of M2, the orientation of the methyl groups of IBioxMe 4 results in an asymmetric steric profile for the coordinated COE ligand and necessitates an energetically unfavourable twisting of the alkene ligand out of the plane; features which are well reproduced in the optimized structures M2' (twist angle as defined above: 77.0° (Rh2') and 77.5° (Ir2')).
There is still a degree of NHC tilting present in the staggered isomers, but it is considerably less than the eclipsed analogues (ca. 10° less, equivalent to ca. 4.6 kJ mol -1 as determined from the polynomial fit to rPES in Fig. 4) . 18 Ultimately, based on the relative energies of the isomers, the pitching appears to be the most energetically accessible means for minimising the steric clashes between the COE and NHC ligands.
However, it is worth re-emphasising the differences in energy are very small for both rhodium and iridium.
Indeed, given the magnitude of the energy differences calculated here, the observation of either conformational isomer in the solid-state is most likely dictated by subtle crystal packing effects rather than any fundamental difference in electronic structure.
To further reinforce the aforementioned observations, the less sterically congested model complexes M4' ligand further we have used these compounds as another coherent experimental data set (Chart 2). 21 The iridium analogues are also of interest, however, the high reactivity of Ir3 proved to be prohibitive during previous attempts in its isolation. 16 We now report the preparation of the carbonyl complex ] under an atmosphere of CO and was isolated in 95% yield. The structure of the new complex was fully verified spectroscopically in solution and in the solid-state by X-ray diffraction -as for Rh5 no significant NHC tilting is found (all Θ NHC > 175; Figure 8 ). Despite our continued efforts we have, however, been unable to prepare Ir6 (e.g. no reaction is observed between Ir2 and IBioxMe 4 ). 16 In addition to computational models centred on experimental precedents (Figure 9 ), Rh3-H1', Rh3-H2' and Rh3-H3' ( Figure 10 ) were also included to probe steric, agostic and electronic effects in silico. In all cases, only all-staggered isomers were targeted based on the X-ray data for M5 and Rh6. The interaction between the most-tilted carbene ligand and the metal fragment in each of M3', M5' and M6' was investigated using the EDA method. The results are summarized in Table 2 in Rh3', Table 2 ). The absence of the agostic interaction contributes noticeably to the decrease in the bond dissociation energy compared to the parent complex (D e = 279.8 vs. 310.2 kJ mol -1 , Table 3 ). Figure S1 , Table S1 ; E agostic = -55.5 kJmol -1 , D e = 296.9 kJmol -1 ). This interaction is characterized by a short Rh···HC contact of 2.753 Å and significant C-H bond elongation (0.035 Å) more typical of agostic interactions. 22 The associated NHC is significantly distorted (Θ NHC = 162.0°) with a high degree of yawing (i.e. |∠ MCN -∠ MCN' | = 22.8°). For reference, removal of all the methyl groups leads to essentially an ideal non-distorted geometry for with IBiox6 in 1,2-C 6 H 4 F 2 using Na[BAr Solid-state structure of Rh3-Cy. Thermal ellipsoids for selected atoms are drawn at the 50% probability level; anion omitted for clarity. Selected bond lengths (Å) and angles(°) (computed values at BP86/TZVPP given in italics): Rh1-C2, 2.060 (3) 
Rh3-H1'
Summary and Outlook
Seeking to fully understand the capacity of bioxazoline-based NHC ligands ( Together, these results showcase the capacity of NHCs generally to adopt non-ideal coordination geometries and highlight design principles that may enable the reactivity of NHC complexes to be tuned through for instance, chelating architectures or conformationally rigid NHC appendages.
Experimental Synthetic details
All manipulations were performed under an atmosphere of argon using Schlenk and glove box techniques. 
Computational details
Geometry optimizations without symmetry constraints were carried out using the Gaussian09 26 optimizer (standard convergence criteria) combined with Turbomole (version 6.4) 27 energies and gradients (SCF convergence criterion 10 -8 a.u., grid m4). Density functional theory was used with the GGA functional BP86
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, the def2-TZVPP 29 basis set and considering dispersion corrections with the DFT-D3 scheme.
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Starting from these structures, subsequent optimization for the bonding analysis part was carried out with the same functional and the TZ2P basis set as implemented in the ADF 2013 package. 31 Characterization of stationary points as minima on the potential energy surface was verified by computation of the Hessian matrix. Complex Rh3-Cy' was investigated on the more efficient BP86-D3/def2-TZVPP level of approximation only.
To shed light on the bonding situation in the complexes, the energy decomposition analysis (EDA) 32 was carried out with the same approach (BP86/TZ2P plus DFT-D3). The EDA investigates the bonding energy for the interaction of two fragments A and B forming an entity AB by separating the bond formation process into several sub-steps. The bond energy ΔE bond is given by a sum of promotion and interaction energy:
ΔE bond = ΔE prep + ΔE int (1) Necessary geometric distortion and electronic excitation of the fragments to form the bond lead to ΔE prep .
The intrinsic interaction energy ΔE int can than further be divided in three parts, which are derived successively:
ΔE int = ΔE elstat + ΔE Pauli + ΔE orb (2) The first term (ΔE elstat ) represents the quasiclassical electrostatic interaction energy between the two charge distributions and results in a product wave function {Ψ A Ψ B }. The second term (ΔE Pauli ) is a consequence of the antisymmetrization and normalization required after the first step leading to the intermediate wave function Ψ 0 and is associated with steric repulsion. In the final step, Ψ 0 is fully relaxed to the optimal wavefunction Ψ AB for the molecule. This results in an orbital interaction term ΔE orb . This last term is associated with the deformation density Δρ from Ψ 0 to Ψ AB can further be represented in Natural Orbitals for Chemical Valence (NOCV). 33 This leads to pairs of complementary orbitals (ψ− k, ψ k ) with eigenvalues ±v k which have the same value but opposite sign. From these NOCV orbitals N/2 (N = number of electrons) deformation densities Δρ k can be derived to build up the full deformation density Δρ. 
The eigenvalues ±v k represent the amount of charge transferred between the fragments in the deformation density and the deformation densities Δρ k allow a characterization of the interaction. Furthermore, it is possible to assign an energy value to each Δρ k , which sums up to ΔE orb .
More details regarding the EDA and EDA-NOCV can be found in the literature.
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Supporting information
Structure and EDA of an alternative conformer of Rh3-H2' ( Figure S1 and 
